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FOREWORD

This xeport was prepared by Gensral Dynamics, Fort Werth
Division, under the "“Advanced Durability Analysis" progranm
(Alr Force Contract F33657-84-C-3208) for the Air Force
Wright Aeronautical Laboratories (AFWAL/FIBEC). Margery E.
Artley was the Air Force Project Engineer; Dr. John W. Lin-
coln of ASD/ENFS and James L. Rudd of AFWAL/FIBEC vere tech-
nical advisors. Dr. S. D. Manning of the General Dynamics'
Structures Technology Staff was the program manager and co-
principal investigator along with Dr. J. N. Yang of United
Analysis Incorporated (Vienna, VA).

Other volumes for this program are as follows:

2 Volume I Anslytical Methods

Anslytical Predictions, Test Resuits,
ard Anslytical/Ezperimental Correlations

o Volume IIX

o Velume IIIX

Fractographic Test Dete

o Volume V

The second edition of the USAF Dursbility Design Handbook
(APVAL-TR-83-3027) was also developed under this program.
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SECTION I
INTRODUCTION AND SUMMARY

Metallic aircraft structures must be designed to bs dur-
able and to resist fatigue cracking in servica. Durability
"design tools* are needed to analytically ensure that the
aircraft structure can be economically maintained with a high
degree of cperational readiness and warfighting capability.
Therefore, a 30-month research program was initiated in 1984
to: (1) develop 2 probabilistic-based durability analysis
method for metallic aircraft structures capable of predicting
the functional impairment dus to excessive cracking, fuel
leakage and/or ligament breakage, (2) recommend improvements
to the current Air Force durability design requirements [1,2]
and (3) updats the current Air Force durability design hand-
book (AFWAL-TR-83-3027) [3]. This three-phase program in-
cluded eight tasks. A roadmap for the program is shown in
Fig. 1. This is Volume IV of a five-volume sequence of final
reports [4-8)] for this program.

Under Task I we develcped methods for determining the
initial fatigue quality or equivalent initial flaw size dis-
tribution (EIFSD) for structural details. Methods were de-
veloped for estimating and optimizing EIFSD parameters for an
"equivalent single hole population" basis. A data pooling
procedurs was develcped including a statistical scaling tech-
nique for dstermining the EIFSD parameters for one or more
fractographic data sets in a "global sense." The sensitivity
of the EIFSD parameters with respect to key variables (e.g.,
fractographic crack size range, % bolt load transfer, stress
level, load spectrum, etc.) was also investigated.

Task II was concerned with the optimization of current
durability analysis methods [9-15] for predict;ng the probab-
ility of crack exceedance, p(i, T ), for metallic aircraft
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structures. Under this task we developed procedures and
guidelines for defining suitable service crack growth master
curves (SCGMCs) for durability analysis using an analytical
crack growth program [e.g., 16,17]. A SCGMC is used to grow
the EIFSD forward to predict the probability of crack exceed-
ance at any service time, or the cumulative distribution of
service time to reach any crack size. Mathods ara developed
and evaluated for making the SCGMC compatible with the basis
on which the EIFSD is established.

In Task III we extended the current durability analysis
method ([9-15] for the small crack size region to large
through-the-thickness crackxs (e.g., 0.5"-0.75") associated
with functional impairment due to fuel leaks and/or ligament
breakage. The recommended approach, referred to as the two-
sagnent deterministic-stochastic approach (DCGA-SCGA), in-
cludes the Weibull compatible EIFSD function and determinis-
tic/stochastic crack growth models. Various one-segment and
two-segment crack growth approaches (i.e., deterministic and
stochastic) wera developed and avaluated. Different EIFSD
functions (i.e., Weibull compatible, lognormal and two-para-
meter Weibull) were alsoc considered. The DCGA-SCGA was de-
monstrated for countersunk and straight-bore fastener holes
with clearance-fit faateners using coupon specimens and full-
scale aircraft structure.

Task IV incluided a two-phase experimental test program
with fractographic evaluations. Under Phase I, 31 multi-hcle
dog~bone specimens were fatigue tested to failure. The phase
2 test program included 105 spectrum fatigus taests using
simple dog-boune or double: reversed dog-bone spacimens and a
strain survey to verify the % bolt load transfer. All speci-
mens tested were 3.U0" wide. The matorial was 7475-T7351 al-
uminum plate. Both countersunk and straight-bore (fastener
holes with clearance-fit fasteners were used. None of the
fastener holes included any special life enhancement features




such as cold working, interference fit or cold f£it bushings.
Since no intentional preflaws wera implanted in any of the
fastener holes, natural fatigue cracks were allowed to init-
iate and propagate. Fractographic resulta were acquired for
ov~r 180 fatigue cracks.

The expsrimental results of Tagk IV were evaluated under
Task V. Durability analysis predictions for p(i, T ) at a
given service time and/or cumulative distribution of service
tine, rr(t), to reach a given crack size wara correlated with
results from Task IV. A comprehensive demonstration of the
DCGA-SCGA was conducted using coupor specimen results.

Current Air Force durability dssign regquirsments [1,2)
were reviewed under Task VI. Modifications were proposed to
nmaks the requirements mors realistic and dafinitive based on
the results of this program.

Guidelines for implementing the advanced durability an-
alysis approach were developad under Task VII. Step~by-step
procedurss and guidelines were developed for acquiring init-
ial fatigque gquality data, for optimizing the EIFSD for dur-
ability analysis, for making p(i, ™) and/or FT(t) predic-
tions, and for predicting the extent of damage at any servicas
time.

Task VIII was concerned with updating the Air Force Dur-~
ability Design Handbook [2] to include the advancements made
under this program. Advanced durability analysis methods are
demonstrated usi~g coupon specimens and the lower wing skins
from a fighter aircraft. Methods and quidelines are present-
ed in the second edition of the handbook (18] for implementa-
tions.

Software has beecn developed for implementing the advanc-
ed durability analysis methods developed under this program




on an IBX or IBM-compatible PC. The software can be used to:
(1) save or screen fractographic data on floppy disk, (2) de-
termine c¢rack growth paramsters, (3) optimize EIFSD paramet-
ers for Weibull compatible distribution function, (4) predict
the crack exceedance probability, p(i,7‘b at any service time
or the distribution of service time. FT(t), to reach any
crack size and (5) plot fractographic data and/or durability
analysis results.

As shown in Fig. 1, the following final report volures
(AFWAL-TR-85-3017) and handbook (AFWAL-TR-83-3027) document
the work conducted under this progiram:

¢ Volume I - Analytical Methods

© Volume II ~ Analytical Predictions, Test Results,
and Analytical/Experimental Correla-
tions

o Volume III - Fractographic Test Data

Volume IV - Executive Summary

6 Volume V - Durability Analysis Software User's
Guide

© USAF Durability Design Handbook (2nd Edition;

AFWAL-TR-83-3027)
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SECTION II
DURABILITY ANALYSIS APPROACH

A probabilistic durability analysis approcach for metal-
lic aircraft structares is summarized in this section. This
approach c¢an be used to analytically predict the probability
of functional impairment Jdue to excessive cracking, fusl
leaks or ligamsnt breakage. The methodology accounts for the
initial fatigue quality variation, crack growth damage accu-
mulation in a population of structural details (e.g., fasten-
er holes, 1lugs, <fillets, cutouts, etc.), load spectra and
structural properties. Thus, the extent of danage c<can be
quantitatively estimated at any service time under service
conditions. Onca the initial fatigue quality or equivalent
initial flaw size distribution (EIFSL) has been datermined,
the probability of functional impairment is obtained by grow-
ing the EIFSD forward using a deterministic-atechastic crack
growth approach. Essential elements and features of the ap-
proach: are described in the following and details are given
elsevhere [4,5,18].

2.1 INITIAL FATIGUE QUALITY REPRESENTATION

Initial fatigue quality of a structural detail is repre-
sented by an equivalent 1nitial filaw size distribution
(EIFSD). An equivalent initial flaw (EIFS) is an artificial
crack size which results in an actual crack size at 2a actuai
point in time when the initial flaw is growr. forward. It is
determined by back-extrapolating fractographic results and
has the following characteristics: (1) an EIFS is an artifi-
cial crack assumed to represent the initial fatigue quality
of a structural detail in the as-manufactured condition what-
ever the source of fatigue cracking may be, (2) it has no di-
rect relationship to actual injitial flaws in fastener holes
such as scratches, burrs, microdefects, etc., and it cannot




be verified by NDI, (3) it has a universal crack shape in
wvhich th® crack size is measured in the diraction of crack
propagation, (4) RPIFSe are in a fracture mechanics fnrmat but
they are not subject to such laws or limitations as the
‘ghort ocrack effect," (5) it depends on the fractogrephic
data used, tha frantographic crack size ranga used for <the
back~extrapolation and tha crack growth rata model used, (¢)
it must be grown forward in a manner consistent with the
basis for the EIFS, and (7) EIF8s axrs not unique - a diffar-
ant set is obtained for sach crack growth law used for cthe
back~extrapolaticn.

Each structursl detail to be considersd in the durabil-
ity analysis is acsumed to have a single dominant initial
flaw. An EIPFS 1is a statistical variable which describes the

population of oquivalent intial flaw size at time sgero.

An ZIFS is not strictly “"generic" becauss it depends on
the follewing: (1) crack growth rate model used to back-ex-
trapolate fractographic results, (2) conditions rsflected in
the fractographic results (e.g., material, type fastener/
hole/fit, load spectra, etc.), (3) fractographic crack aize
range used (i.a., AL-AYJ), and (4) goodness-of-fit critarion.
However, the real issua is not whether the EIFSs cxr EIFSD is
generic or not. The important question is: "Can &n EIFSD,
based on the fractographic results for one or mores data sets,
be used to make reasonable durability analysis predictions
for a different set of conditions, e.g., similar material,
same type of load spectra, e.g., fighter, bomber or trans-
port, similar <type fasterier/hole/fit but different stross
levels and/or % bolt load transfers?" The answer to this
questicn is ‘"yes"! We have demonstrated under this prograa
that an EIFSD does not have to be "generic" to obtain reason-
able durability analysis predictions for functicnal inpaiv-
nent.




Thers are many facats involved in estimating tne initial
fatigue ¢uality (IFQ) of sctructural details. Essential ele-
nents for determining IFQ are: (1} suitable fractographic
data acquired for "natural fatigua cracks" (i.e., no inten-
tional pre~flaws) in the type of structural detail to be in-
cluded in the durability analysis, (2) a physically-meaning-
ful EIFSD function for representing IFQ and (3) a methed for
estimating the EIFSD parameters using a data pooling proce-~
dure. Once the EIFSD parameters have been estimated, the
candidate EIFSD 1is then svaluatad and jusiifisd for desired
durakility analysis applications.

An EIFS value for a fastener hols is deternined by back-
extrapolating fractographic data in a gelected crack size
range, AL-AU, using a simple but versatile deterministic
crack growth rate model proposed Ly Yang and Manning [10,19].
Thus, EIFS data sets are obtained from available fractograph-
ic data =ats. Then, these EIFS data sets are usgsed to deter-
mine the EIFS distribution parameters. Essential elements
for estimating the EIFSD parameters, including the statisti-
ctdl scaling and data pocling procedures to account for frac-
tographic data sets with diflerent numbers of fastener holes
per specimen, are described in Vols. I and II.

Softvare is availabla in Volume V (8] for saving and re-
trieving fractographic data, estimating the EIFSD paraueters
and avaluatinq the candidate EIFSD for durability analysis.
A plotting capzbility is available for displaying rusults.
This softwvare is further described in Section VI of this Veol-
ume (IV).

2.2 TWO-SEGMENT DETERMINISTIC~STOCHASTIC CRACK GROWTH APPROACH

Oonce the EIF3 distribution has been determined, the en-~
tire population of equivalent initial flaws can be grown for-
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werd for durability aralysis. In this regard, a two-segment
deterninistia-atochastic crack growth approach, DCGA-SCGA,
described in rig. 2, is recommended. This method can be used
to grow the EIFSD to predict the probability of functional im-
peirment dus to excessive cracking, fuel leaks or ligament
breakages. Varioua other crack growth approaches wers 2180
devaloped (4] and evaluated 5] under this program.

Durability analysis is primarily concerned with predic-
tions for the following quantities: (1) The probability that
e gqgiven crack size Xy in the ith stress region (i = 1,2,...)
will be sxceeded at any service time 77, referred to as the crack
axcesdance probability p(i, T), and (2) the cumulative dis~-
tribution of service time FT(t) to reach any crack size x, in
the ith stress region ({ = 1,2,...). Conceptual plote for
p(i,T) and FT(t) are shown in Fig. 3. Then, the "axtent of
damage® for the entire durability component due to aexcessives
cracking, fuel 1leaks and/or ligament breakage can be deter-
mined using p(i, T7) predictions for given stress ragions of
the structure and the Binomial statistics.

The /CGA~SCGA is described in detail in Veolume I (4].
Only the sssentials are described in this section; ses Fig.
2.

When the crack size is equal to or smaller than a refer-
ence crack asize a, & deterainistic crack growth rate model
is used to grow the EIFSD forward to predict the crack ex-
ceedance probability, p(i,7T). The reference crack size a,
is chosen to be the upper limit AU of the fractographic data
range used to determine EIFSD. When the crack size is larger
than a5, however, a stochastic crack growth rate model pro-
posed by Yang, et al (e.g., 20,22,23,29], is used to account
for the crack growth variability in service.

The crack greowth rate parametsrs in both crack size re-

10




SERVICE LIFE

Figure 2. Two-Se nt Deterministic-Stochastic Crack
Gggwtﬁ gggroacﬁ (DCGA-8CGA ) .
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For a Given Service Time T

CRACK S1zB8

(a) Probability of Crack Excsedance at Any Given
Service Time T

l.0

For a Given Crack Size xl

PT(t)

SERVICE TIME

(b) Cumulative Distribution of Service Time to
Reach any Given Crack Size 31

stribution of Service Time to Reach

Pigure 3. Durability Analysis Predictions: (a) Probablility of
Crack Exceedance at Any Given Service Time T° and
umulative
Y ven Crac 30 X,.
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smg described above can be estimated using suitable ’racto-
_.aphic data, if available, or an analytical crack ’qrowth
prograr [(e.g., 6]. If an analytical crack growth prcgram is
used, it must first be "tuned" or curve fitted in tha amall
crack size region (e.g., AL-AU = 0.91%" - 0,05") to the same
basis as the EIFSD. Procedures and guidelines for daotermin-
ing a sorvice crack growth master curve (SCGMC) using an an-
alytical crack growth program are given elsewhere [18). A
8CGMC can be determined using linear elastic fracture mechan-
ics principles without violating "short crack" fracturs mech-
anics limitations.

Functional impairment occurs when a limiting cracikk size,
Xy is exceeded. For example, in tha case of fastenexr holes
the following limiting crack sizes could be used: (1) for
exceasive cracking: X, = 0.03" - 0.05" (economical rspair
limit for fastener holes), for fuel leaks; X, = size of
through-the~-thickness crack, and (3) for ligament breakage:;
X, = hela-to-hole dimension between adjacent fasteners. Giv-
en the limiting crack size X, for functional impairment, the
probability of functional impairment for any stress region at
any service time, t, dus to excessive cracking, fuel leakage
or ligament breakage can be obtained from the predicted crack
exceedance probability p(i, 7). Then, the Binomial diastribu-
tion is used to predict the probability of functional impair-
ment at any service time, 7, for the entire aircraft struc-
ture as described in detail in Vel. II [5].
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SECTION III
EXPERIMENTAL PROGRAM, RZSULTS AND CONCLUSIONS

An sxperimental prograa was conducted to evaluats, re-
fine and verify the advanced durability analysis methodology
for metallic aircraft structures for both small (e.qg.,
<0.05") and large (e@.g., 0.50"-0.75%) through-the-thickness
fat.igue cracks. The experiwental program and conclusions are
summarized in this section. Test results are evaluated in
Volune II {5]. Conmplete test results and fractographic data
arae documented in Volume III [€].

3.1 EXPERIMENTAL TEST PROGRAHM

The test matrix is shown in Table 1 and specimen details
are shown in Figs. 4-6. All tests were ceonducted in lab air
uning dog~bone type specimena manufactured from 7475-T7351
aluminum plate (t = 0.50"). Fastener holes wers drilled us-
ing typical production methods without any special life en-
hancement conditioning (e.g., celdworking, interference fit,
etc). Both gtraight-bore and countersunk fastener holes were
considered.

All sepecimens ware fatigus testad to failure using a
selected load spectrum (i.e., F-16 400 hr., F-16C/D or B-l)
and a maximum stress level. Fractographic results were ac-
quired for the largest fatigue crack in one or more fastener
holes por specimen. Test specimena with three countersunk
fasteners (Fig. 4) wera used to acquire data for verifying
statistical scaling. A strain survey was also performed us-
ing the double-reverse dog-bone specimen design shown in Fig.
6. The strain survey was conducted to evaluata the parcent-
age of bolt load transfer as a function of the total applied
load.

3.2 EXPERIMENTAL RESULTS

Fractographic data (i.e., ©crack size versus flight
hours) were acquired for fatigue cracks. The raw fracto-
graphic data, time-to-failure results, applicable testing and
specimen details are given in Volume III ([6]. A typical
fractographic data plot is shown in Fig. 7 for the WWPF data
set.

The following fatigue crack initiation trends were ob-
served: (1) no load transfer specimens (with or without a
bolt in the hole) - cracks typically initiated in the bore of
the fastener hole, and (2) bolt load transfer specimens -~
cornar cracks generally initiated in the hole at the inter-
face of the mating dog-bone halves. The fatigue crack initi-
ation origins and trends observed in this program for Dboth
straight bore and countersunk fastener holes are very similar

15




Tabie 1. Experimental Test Matrix.
No. I Max. | % (1) (2)
lata | Test | Test | Spec. |Stross |LT Naterial | Type Ref.
Set | Mase ! spries |Tested| (ksi) Load Spectrum Hole | Fastener | Fig.
Wt ] 15| 3 |o| riewem. |rsenn|ck |w ozl ¢
re! | w)] % o] »t CSK | S 90353-08] 4
L 2l @l 1@ % | o 2-16 408 re. s8  |ms s204-08] 3
- i 12 3 [ 0] B SB {ms 6204-08f 3
e | e ST WM || o 8 |ms 6204-08§ §
wrce 2| e t ] .0 0| ri6cm B |ms 6204-08| 3
mrc| 2l 18] M | e! rsesw. S8 |(cvew hole)| 3
1Y, ) 2| @] 15| 4 | 15| P16 e mr. CSK |us 90353-08| ¢
I 2l me)| 15| €8] 15| P16 408 B cSK |us 903s3-08] §
o0 2l ] 13| M | 18] »1 cSK IS 9o3s3-08] O
mepmd| 2| Me)| 15| s 15| 1 é oK | oormyon|
Fotan: ‘

? locieding 4 specinens tested weder Jmerel Dimaaics sposmored seremch

e

‘
{

) CSK = Countersunk; SB = Straiyht Bore
4 MRS 6204-08 (1/4" Dia.) protruding head bolt (steel)

B 95393-08 (1/4" DMa.) blind, pull-thacugh rivet
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Figure 4. Design Details for W¥I Data Set Specimens.
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to those in the "Fastener Hole Quality" program {24] and the
"Durability Methods Development® program [25].

Strain survey results, basad on the specimen type shown
in Prig. 6, are shown in Fig. 8. Strain gage locations and
specimen freebodies are shown in Fig. 9.

Considerably larger scatter in the fatigue test results
was obssrved for countarsunk fastener holes than for
straight-bore fastener holes. The clearance fit and drilling
procedure/quality for both types of fastener holes ware com-
parabls. This strongly suggests that a larger initial flaw
size should ke used for the durability analysis of counter-
sunk fastaner holes than for straight-bore fastener holas.

3.3 CONCLUSIONS

Exparizental results are svaluated in detail in Voluxe
IZ (5], including conclusions, recommendations and gquidelines
for acqguiring initial fatigue quality data. Overall conclu-
sions for the experimental test program are summarizad bhelow.

1. The experimental results acquired under this program
were useful for: (1) investigating/evaluating the IFQ of
clearance-fit fastener holes, (2) evaluating, refining and
demonstrating the durability analysis methodology, including
gtatistical scaling technique, described in Volume I [4]), (3}
estimating the § bolt load transfer of double-reversed dog-
boncispocimenn, and (4) conducting various durability-related
studies.

2. Experimaental procedures and guidelines have been de-~
veloped for acquiring IFQ data for fastener holes, Details
are given in Volume II [5]). The cleanest way to acquirs IFQ
data for fastener holes is to fatligue test specimens with a
single fastener hole to failure. Three types of teet speci-
mens are recommanded for acquiring IFQ data as shown in Fig.
l10.

3. Fractographic data should be aurveyed and censored
before being used to estimate the IFQ or EIFSD or any other
durability analysis purpose. Data screening is needed to de-
termine the quality and character of the data and to reject
suapicicus data. Quastionable fractographic data should be
censored from the data set. Computer softwars is available
in Volume V [8] fors plotting and screening the fractographic
data.

4. A st.oain curvey was conducted using a double-~revers-
ed dog-bone type specimen (Fig. 6) with a "15% bolt load
transfer design." It was found that the actual percentags of
bolt load transfer was approximately 7% at 100% applied spec-
imen load. Alazo, the amount of bolt load transter varied as
a function of the applied load and fastener-holie fit,

21

?!g'

NS DU

.



6.18 ,

LA T T ¥ T T Y
\ -
0.16
E \ L
O -
-
0.14 >
§ el J i
E 0.13 = L
@ ] 1
B0 9
(2] o r
E 00“ o o i
E-‘ o
2 ekl ] :
3 L ‘
S’ O.Mr- < 4
Q o o
@
0.02 b .
. L
Q X i 3 'R p | ) L ) _“I ;
Q 10 p 1o 30 «0 5¢ $0 10 L1 1) 0 100 #
{ TOTAL SPRCDMEN LOAD
Figure 8. Bolt Load Trensfer (PFraction) Vers 16 :
m‘dvo ) j Q
N.u
. ) ' @ ‘//- - p— —.N‘.'.j J
f G . 1
: ]"M—'l '6‘ [ 4 ,""‘/3;
'sﬁ , \:‘ '3 —/
'f-ﬂ-n-m-< e e - ¥
7
=" : "3 T, ) J
\ 1 ) — N o(—-I -a— R -
R Ve Q C—
g ‘
f
"
|
!
E
22
v




[ T < 1

(8) No Belt Load Trsnsfer Dog-~Bone Spacimen

gAY L ~ 1§
x | <

iv) Two-For-One No-Bolt Load Tranafer Dog-Bone
apacimen

(Use dauble or single shmear configuration!

-l

Y,

S o o e

o]
-
— T T LT

(¢) DRog-Bene Specimen With Bolt Load Transfer

Figure 10. FRecommended QEgginan Types for Acquii-ing IPQ Data
for Pastener Holes.

<3

Ll



5. Only wetralght shank and ocountarsunk clearance-fit
fastgners in 747817381 aluninum were investigated under thim
progzam. 7The affeot of interference fit fastsners and cold-
worl‘:ém on the IrQ of fastensx holes ramainas to be inveati-~
gated.
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SECTION 1V
DENMONSTRATION OF DURABILITY ANALYSIS METHODS

The comprehensive advanced durability analysis demon-
stration, documented in Volume II [5] and tha sacond edition
of the durability design handboock [18], is summarized in this
section. Durability analysis methods for predicting the
crack exceedance probability, p(i, T ), and the cumulative
distribution of service time to reach any crack size, Fplt),
are demonstrated using: (1) coupon specimen results, and (2)
tear-down inspection results for the F-16 lower wing skins,

4.1 DEMONSTRATION FOR DOG-BONE SPECIMENS

The advanced durability analysis method described in
Section I1 is demonstrated for both countersunk and straight-~
bore fastener holes in the following. The initial fatigue
quality is established based on fractcgraphic results obtain-
ed using narrow specimens. Then, predictions for the crack
exceedance probability, p(i,7 ), and cumulative distribution
of service time to reach a specific crack sizes, FT(t), in the
large crack 8size region are made using the DCGA-SCGA. Pre-
dictions are correlated with actual fractographic results ob-
tained using wide dog-bone specimens.

4.1.1 Countersunk Fastener Holea

Three base-iine fractographic data sets (i.ea., "AFXLR4",
YAFXMR4" and "AFXHR4") based on 1.5" wide specimens are used
to determine the initial fatigue quality. The tinree data
sets are described in Table 2 and specimen details are shown
in Fig. 11. Fractographic results for each data set were
plotted and screened for abnormal behavior and data sparsity.
hAs a result of this screening process, one crack (#8) was de-
leted from the AFXLR4 data set.

The Weibull compatible distribution is used to represent
the distribution of EIFS. Using these three base-line frac-
tographic data sets in the crack size range of AL-AU = 0.01"

25




Table 2. Description of Fractographic Data Sets Used to
Determine tha IFQ for Countersunk Fastener Holes.

Data SEY fspechogms | o (33| % | N t ERSTEMNER (2)] LOAD
(Ref. 25) | USED (4) | (ksi) LT | (In.) { (In.) SPECTRUM

AFEIR¢ | /1 (5) | R 15 [1.5 |.i075 | Ws9@353-08 |¥-16 400 B2

Arnm4 10710 k. }

Botam: (1) Emtecial: 7475-1735! alonioem

(2) Rind pull-throwgh rivet (commterswnk bend)
(3) Groas section stress

(4) x=/yy » . of spacisens uoed/total no. of speciesas in data set
{(5) Daletsd crack no. 8 from data set

- 13.00 -_.q

o

msa—mm-—y

Figure 11. N;rrow 15% Bolt Load Transfer Sp'ocimon Design
- - ).

26




- 0.05", as well as data pooling and statistical scaling pro-
cedures, the following FIFS distribution parameters were es-
timated: x, = 0.03",ol~ 1.716 and ¢ = 6.308. The scaling
factor for countersunk specimens is = 4, since each specimen
is made of two pieces of aluminum with two fastener holes.
The established EIFSD is grown forward to predict the srack
excesdance probability, p(i, 7T ), and cumulative distribution
of service time to reach any given crack size, FT(t), tor
WAFXMR4 and WAFXHR4 datz sets. The two-segment DCGA-SCGA
approach dascribed in Section II has bean used.

Fractographic data for WAFXMR4 and WAFXHR4 were generat-
ed using the same dog-bone specimen shown in Fig. 11 except
that the specimen has a 3.00" width. Thus, fractographic
data in the larga crack size range can be obtained from thess
wide specimens. The description of WAFXMR4 and WAFXHR4 data
sats is described in Table 3.

The pradicted probability of crack exceedance at 7 =
11,608 flight hours for WAFXMR4 is displayed in ¥ig. 12 as a
solid curve. Also shown in this figure as solid circles ars
tha actual test data for comparison. Further, the predictad
probability of crack axcaedance at T = 7,000 f£light hours for
WAFXHR4 is shown in Fig. 13 as a sc¢lid curve and the solid
circles denote the actual fractographic test results.

The predicted cumulative distribution of service time to
reach a crack size of 0.73" for WAFXMR4 is displayed in Fig.
14 as a solid curve. The actual fractogrzphic results are
shown in the same figure as solid circles for comparison.
Similarly, the prediction for the cumulative distribution of
service time to reach a crack size of 0.59" for WAFXHR4 is
shown in Fig. 15 as a solid curve. The sclid circles depict-
ed in the same figure are the actual fractographic test data
for comparison. It is observed from Figs. 12 to 15 that the
correlations for countersunk fastenar holes between the ex-
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Table 3. Description of WAFXMR4 and WAFXHR4 Fractographic

Data Sets.
L NO. GROSS
LOAD CRACKS STRESS WIDTH
DATA SET TRANSFER (XSI) (1a.)
WARFXKRE 15 14 34 3.0

Notas: 1.
3.

7475-17351 Aluminum
Ref. Pig. 6 for specimen design details.
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WAFXHR4 Datg Set and Actual Fractographic Results.
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porim.ntal resuvlts and the durability anal . predictions
ara very reasonabla.

4.1.2 Straight~bore Fastsner Holes

The durability analysis demonstration for straight-bore
fastener holes was conducted as follows. Two fractographic
data sets (i.e., "WPF" and "XWPF") ([24] were used to deter-
mine the IFfQ of straight-bore, clearance-fit, fastener holes
in 7475-77351 aluminum. The two data sets are described in
Table 4. Specimen details for the WPF and XWPF data sets are
showvn in PFigs. 16 and 17, respectively. Fractographic re-
sults for each data set were scisened by surveying the frac-
tographic data plota. Two abnormal fatigue cracks were de-
leted from each data set for purposes of defining tho IFQ.

Fractographic data for each censored data set in the
crack size range AL-AU = 0,01" ~ 0.05" were used to determine
the crack growth rate parameter. Computer software filename
m "QSZAT" from Volume V [8) was used. The Weibull compatible
distribution is used to represent the distribution of EIFS.
There is only one fastener hole and one piece of aluminum per
WPF epecimen, whereas there are two fastener holas with two
pleces of aluminum per XWPF epecimen. Hence, the scaling
factor for WPF data set is £ = 1 and that for XWPF data set
is £= 4. Using the data pooling and statistical scaling pro-
cedures, EIFSD parameters were estimated based on the WPF and
XWPF data sets pooled together. Computer program filename =
"WCIFQ" described in Vol. V (8] was used; with the results X,
= 0,03",0l = 4,782 and $ = 4.658.

With the IIFSD parameters determined above from pooled
base-line data (i.e., WPF and XWPF data sets), the EIFS popu-
lation was grown forward to conduct durability analysis pre-
dictions using DCGA-SCGA described in Saction II. Specifi-
cally, predictions for crack exceedance probability, p(i, 7).
and the cumulative distribution of service time to reach any
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Table 4. Description of Fractographic Data Sets Used to
Determine the IFQ for Straight-Bore Fastener Holeas.

Ne. of
pecimens Used | (

Fastener 8p

weP 31/33 (2) 34 o [1.5 NAS5204-8 |F-16 400 HR}

XWPF 31/33 (3) 34 1s5f1.%
Notes: " (1) 7475-T7351 Aluminum

(2) Deleted fatigue cracks 2 and 6
(3) Deleted fatigue cracks f11 and 16
(4) Gross section stress for peak spectrum load

(5) Ref. FHQ program [24]
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givan crack asize were made for data sets other than WPF and
XWPF. Fractographic results for the third data set "WWPKF"
from Volume IXI (6] will be used to correlate with the dur-
ability analysis predictions.

Spacimen design details for WWPF data set are shown in
Fig. 5 (same as WPF data set), excent that the specimen is
wider (i.e., 3" width). Such specinmens are wide enough to
provide fractographic dats in tha larys crack size region.
Specimens for the WWPF data set wasre fatique tested to fail-
ure using the same load spectruam (F-16 400 hour) and maximum
peak (gross) stress level (i.e., 34 ksi) as the "WPF" data
sat.

The prediction of crack axceedance probability, p(i,T),
for WWPF data set at service time 7 = 18,400 flight hours is
shown in Fig. 18 as a sgolid curve. Also shown in this figure
are solid circles representing the actual fractographic re-
sults. Figure 18 indicates that the correlation between the
durability analysis prediction and experimental results is
quite reasonable.

4.2 DEMONSTRATION FOR THE F~16 LOWER WING SKINS

The two-segment DCGA-SCGA will be demonstrated using
tear-down inspections results for the ¥F-16 lower wing skins
from ths durability test article [25]. Fractographic results
are available for the lowexr wing skins from the full-scale F-~
16 durapility teet article that was fatigue tested under
spectrum loading to 16000 flight hours. The wing skins are
7475-7T7351 aluminum and include countersunk fasteners (i.e.,
MS 90353-08 blind pull~through rivete) of the same type used
in the test specimens of Figs. 4 and 6. The durability an-
alysis demonstration was conducted as follows.

1. The wing skin was divided into cen streass regions as
shown in Fig. 19. The stress levels and number of fastener

34




Pilgure 18.
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Correlation Between Predicted Crack Exceedance
Probability Based on the DCGA-SCGA af T = 18000

Flight Hours for WWPF Datl Set and Actual Fract-
oqrugﬁic Results.
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Noles are shown in Table 8. Service crack growth parametaers
Ql and 92 for tha small and large crack size regions were es-
tirated for each of the tan stress reglons. This s accon~
pliabded vsing crack growth Trete: Dparamaters sbtained from
fractographic results for 1.50" wide gopacimen data seta
(L.0., AFXIR4, AFXMR4 and AFXHER4) and two wide spacimen data
sats (i.e., WAFXMR4 and WAFXHR4), along with an empirical
nodel for rack growth rate paransters proposed by Yang and

Manniny (3,51,

2. The ZIFSD paranmsters obtaired in Section 4.1 for
countersunk fastenar holss ware used for F-l16 fastener holes,
{.e., %, = 0.027, K= 1,716 and ¢ = 6.308. Note that these
ElFs distribution parameters wars determined using three nar-

row width spacimen data sete, AFXIR4, APXMR4 and AFXERY.

3. Based on the DCGA-SCGA, the predictions for crack
exceedance probability, p(i,7 ), at 7" = 16000 tlicht hours in
ten scress regions (i.2., 1 =1,2,...10) for five different
crack sizes (i.e., X, = ¢G.03"%, 0,089, 0.1", O0.2" and 0.3")
are shown in Table 6. The analysis for the DCGA-SCGA was
conducted using g, = 0.3 (natuvral log basis), which is guite
reasonabkle for countersunk fastensr holes in 7475-T7351 alum=-
inum {5,18,30]. The average number of fastenex holes with a
crack size greater than x,, N(i, 7) equal to N,p(i,7), at

T= 16000 flight hours are predicted for each of the ten stress
regions as shown in Table ¢. Predictions for the average
nunber of fastensr holes in the lower wing skin with a crack
size > Xy at 16000 rlight hours, L(7), and its standard de-
viation di(ﬁf ), are shown in Table 6 for five crack sizes.
QECT) values are khased on the Bilnomial distribution. Using
T(T) and cE(‘f”) , the extent of damage for any crack size can be
estimated for seleccted prchabilities. Theoxetical predic-
tions showr in Table $§ are plotted in Fig. 2C. Resulta based
on the DCGA-DCGA %] arnd the DCGA-S8CGA are plotted in Fig. 20




Figure 19. Strsss Regions for Fighter Lowez Wing Skin.

Table 3. Stress Levels and Number of Fasteaer Hules for

Fighter Lower Wing Skin.

STRESS REGION MAX. STRESS LEVEL NO. OF FASTENER

T HOLES
i N

(ksi) i

I 28.3 59
IX 27.0 320
IXI 24.3 680
Iv 16.7 469
v 28.4 8
vT 29.2 30
VII 32.4 8
VIII 26.2 8
IX 26.2 12
x 25.7 20
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as a solid curve and dashad curve, respectively. The results
are identical for both approaches for x % a2 (0.05"). Fighter
lower wing skin tear-down inspection results are shcwn in
Table 6 and they are plotted in Fig. 20 as solid circles. The
extafit of damage, based on ths DCGA-SCGA, was estimated for
an exceedance probability of P = 0.05 from T(7T) + 1.6500(7
using the T(7") . and [ (7) values shown in Table 6. Results
are plotted in Fig. 20 as a solid-dashed-s0lid curve (e — ce),

Durability analysis predictions for the lower wing skin,
based on the DCGA-SCGAE and the DCGA-DCGA, correlate well with
the tear-down inspection results. Both approaches are consid-
ered reasonable for evaluating functional impairment due to
fuel leakage/ligament breakage in metallic aircraft structur-
es. However, the DCGA-83CGA is recommended for durability
analysis bhecause prediction= are more accurate and slightly
more conservative than tlicse based on the DCGA~-DCGA. Exten-
sive demonstrations for the DCGA-DCGA and the DNCGA-SCGA are

given in Volume II [5].

It has been shown that coupon specimens can be used to
establish the initial fatigue gquality of fastener holes for
full-scale aircraft structure. The predicted rprobability of
crack exceedance can be used to estimate statistically the
"extent of damage" for a durability-critical component for se-
lected exceedsnce probabilities. This type of information
provides a physical description of the state of damage for a
durability-critical component and a logical basis for estimat-
ing structural maintenance/repair requirements and costs.

The stress level in each stress region is important for
crack growth predictions. Therefore, the stress analysis for
durability-critical components should reflect appropriate fin-~
ite element grid sizes toc obtain the stress analysis accuracy
desired for each stress region.
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SECTION V

RECOMMENDED CHANGES TO AIR FCRCE DURABILITY
DESIGN REQUIREMENTS AND PHILOSOPHY

Proposed changes in current Air Force durability design
requirements [1,2] and philosophy are recommended and dis-
cussed in this section. The fcllowing c¢hanges in current
durability design philosophy and requirements for metallic
airframese are recommended:

1. Initial fatigue quality (IFQ) should not be repre-
sented by the szame initial flaw size irrespective of mate-
rial, type of fastener hole, structural details, manufactur-
ing processes, etc. For example, a larger initial flaw size
should be assumed for a countersunk hole than for a straight-
bore hole for clearance-fit fasteners in the same material in
which ths holes were drilled using comparable methode. Fa-
tigue test results for 7475-T7351 aluminum from the current
program and two other programs [24,25] justify this recommen-
dation. Furthermore, we have observed during the course of
this program that an initial flaw size of .01"™ radius corner
flaw may not be large enough for clearance-fit fastener hocias
for a deterministic-based durability analysis. Although MIL-
A-87221 allows initial flaw sizes >.01" to be used for durab-
ility analysis, there is no motivation for contractors to do
so.

2. An equivalent initial flaw size distribution (EIFSD)
should be used t¢ represent the initial fatigue quality of
structural details. Equivalent initial flaws, based on the
back-axtrapolation of fractographic results, shculd be treat-
ed as a random variable. Then, the effects of scatter due to
material, type of structural detail, design concept and manu-
facturing process on initial fatigue quality can ba more
properly accounted for., With a fixed initial flaw aize re-
quirement there is no way to discriminate the effacts of
material, structural detail and manufacturing process on in-
itial fatigue quality. Methode for defining EIFSs and the
EIFSD should ba standardized and quidelines provided so that
IFQ will be consigstently defined and utilized for durability
analyses. The IFQ methods and gquidelines devaloped under
this program should be adopted.

3. The test plan for the Aircraft Structural Integrity
Program (ASIP) should incorporate requirementg for an initial
fatigue quality (IFQ) dJdata base. Such a data base can be
economically and timely acquired as a part of the normal ASIP
effort. For example, by not preflawing structural details in
selected test specimens, "natural fatigue crack" data can be
obtained - thereby satisfying data requirements for IFQ, dur-
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ability and damage tolerance. Some additional testing and
fractography mey be raquired, bayond the normal ASIFP effort,
depending on ths desired confidence lavel and cjircumstances.
In any case, if IFQ data raquizrements are incorporated into
the ASIP test plan, then such data can be acquired with a
minimum impact on cost and schedule.

4, The prodabilistic durability analysis methcd deve-
loped under this program is a Ydurability design tool." It
complements the current deterministic durability analysis ap-
proach and it provides a powerful decision-making tool for
analytically quantifying structural durability and evaluatinrg
dAurability design tradseoffs.

5. In MIL~-A-37221, Section 3.11 (pg. 375) it is stated
that..."Durability wmust be designed intc the structure to

maximize the sventual life of the airframe." However, cur-
rent detarministic-based dAurability analysis methcds, based
on a single initial flaw size in the worst case detail in a
group of details, do not provide guantitative information for
assessing excessive cracking or probability of functional im-
pairment. The following "quantitative information" should be
predicted at a selected service time following the full-scale
durability verification test: (1) extont of damage (l.es.,
how many atructural details are expacted to exceed the limit-
ing crack sizes associated with functional impairment), (2)
probability of crack exceedance (i.e., probakility of exceed-
ing functional impairnent crack size limits), and (3) probab-
ility of functional impairment (i.e., a quantitative measurc
of the risk of functional impairment). A quantitative dur-
ability analysis is vary attractive for incorporating durab-
ility into the deaign process. Tha results of the full-scale
durability test and the gquantitative durability analysis
should be used to evaluate appropriate final durability de-
sign trade-offs and production modifications.

5. A distinction should ba made between ¥initial qual-
ity" and "initial fatigue quaiity" as follows. Initial qual-
ity is a physical description of the actual initial flaws in
a structural detail that can be determined by NDI or other
suitable means. Initial fatigue quality describes the EIFSD
based on the back-sxtrapolation of suitable fractographic ra-
sulte. As such, an EIFSD is artificiai, and cannot be vari-
fised by NDI.

§. The following toerms should be added to the 1list of
definitions in MIL-A-8866B{1] and MIL-A-~87221 (2): (1) equi-
valent initial flaw eiza, (2) initial fatigque quality, (3)
extant of damage, (4) probability of crack exceadanca, (5)
probakility of functional impairmwent, and (5) equivalent in-~
itlal flaw size distribution. These terms are defined else-
where [e.g., 4,18].
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The proposed changes in durability analysis philosophy
and requiraments would have a significant impact on the fol-
lowing: schedule, cost, personnel, training, testing, data
base, analysis, evaluation and practices. It would take time
for engineers and contractors to become familiar with the
prokabilistic durability analysis approach. However, the
asrospace industry had to do the same thing when damage ¢tol-
erance and durability rsquiremsnts were first introduced.
There are many potential pay-offs for adopting the recommen-
dations in this section, including: (1) improved airframe
durability/life praecliction- capability, (2) reduced maintain-
ability/supportability requirements, (3) providing useful in-
formation for flaet manager to evaluate usage options, trade-
offs and risks, (4) lower 1life-cycle-costs, (5) increased
confidenca in tha product, and (6) provide a useful tool for
achieving "Reliability and Maintainability 2000" geals.

43




SECTION VI
DURABILITY ANALYSIS SOFTWARE
Softwere is avallable for implementing the advanced dur-
ability analysis method described in Section II of this Vol-
‘ume (IV) and in Volume I [4). A comprehensivs software
user's guide is given in Volume V (8].

6.1 SOFTWARE DESCRIPTION
The advanced durability analyeis software includes six
programs in YGWBASIC". The purpose of each program is des-
oribed in Table 7. All programs can be implemented on an IBM
or IBM-compatible personal computer.

Software is availakle for plotting the fractographic
data for any crack size or time range and/or durability an-
alysis results for Fau(t), p(i,T) or Fa(t)(x)’ A plotting
capability is available for the following durability analysis
options: (1) DCGA, (2) DCGA-DCGA and (3) DCGA-SCGA. Plots
can be obtained with or without correlating data. Typlical
example plots are shown in Fig. 21.

6.2 SYSTEM REQUIREMENTS
The advanced durability analyocis software is programmed
in "GWBASIC" runs on the IBM PC and compatible systems with
the following minimum configuration:

Memory: 640K RAM

Operating System: MS-DOS Version 2.0 or Later

Graphics Monitor: Monochirome or Color

Disk Drive: 1 Double Sided Diask Drive

Printer: IBM or Compatible Graphics Printer

Graphics Program: Need Special "GRAPHICS" Program for
Doing Screen Prints of Graphic
Display




Teble 7. Description of Durability Analysis Software.

PP
FILRMAME PURPOSE
"PFRACT" Saeve or read/print out fractographic
data on 5 1/4" floppy disk
"SCRERN"™ Study the charescter and quality of a
fractographic data set (tabulate data
and plot fractograpiy)
"OSZAT™ Compute pooled Q and @& for s given
. fractographic data set
"RCIM" Estimate EIFPSD parameters for Weibull
compatible distridbution function
YPLOT" Plot fractographic deta and/or dur-
ability analysis results
"ANRL" Maks durability analysis predictions
e g S 30 A P SR S50 R R
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SECTION VII
CONCLUSIONS AND RECOMMENDATIONS
7.1 CONCLUSIONS

1. A comprehensive probabilistic durability analysis
approach has been daeveloped. It applies to the crack growth
accunulation in any type of structural detail (e.g., fastener
holes, cutouts, fillets, etc.). The approach has been veri-
fied for clacrance-fit fastener holes in 7475-T7351 aluminum
at two levels: (1), coupon specimens and (2) full-scale air-
craft structure. Very reasonable durability analysis results
have been obtained using the grababtli-tic approach, includ-
ing both small cracks (e.g., 0.05") and large <through-
the-thickness cracka (e.g., = 0.5").

2. It has baen shown that the initial fatigue quality
(IFQ) of clearance~fit fastener holea can be reasonably esti-
mated using fractographic results from coupcn spscimens and
that the IFQ can be represented by an equivalent initial flaw
size distribution (EIFSD). Furthermore, it has baen demon-
strated that the IFQ of fastener holes in full-scale struc-
tures can be defined using coupon specinens.

3. The probabilistic durability analysis approach de-
velocped can be usad to "quantify" structural durability in
meaningful terms such as: (1) probability of crack excaed-
ance at any sarvice time, (2) probability of functional im-
pairment at any service time, (3) cumulative dis<ribution of
service time to reach any given crack size, (4) extent of
damage, and (5) structural wearout rate. Since the probabil-
istic approach daeveloped accounts for <the fatigue crack
growth accumulation in eazch structural detail susceptible to
fatigue cracking in service, it is referred to as a "quanti-
tative durability analysis approcach." The extent of damage
prediction at a given service time is defined by the statis-
tics, such as the average and standard deviation o¢f the num~
ber of structural details expected to exceed Zunctional im=-
pairment crack size 1limits. This quantitative prediction
provides an s¢ffective basis for evaluating functicnal impair-
ment, econcmic life and structural wearout, and trade-offs as
a function of the design and servica variables.

4. The probabilistic durability analysis approach 1is a
powerful "durability design tool." It gives the user new
durability analysis capabilities and features not provided by
the existing deterministic crack growtli approach based con the
"worst case" detaill within a group of details. The probabil-
istic durabilicy analysis method is not intended to complete-
ly repiace the deterministic crack growth apprmach in the
durabllity dasign process. The deterministic crack growth
approach will continue to be a valuable tool for durability
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analysis -~ primarily during the preliminarvy desigm process.
Since a deterministic crack growth analysis providas infcrua-
tion only for the “werat case™ detail within a grougp of de-~
tails, it cannot provide the “extent of damage" type informa-
tion for the entire population eof structural detalls.

5. Egquivalent initisl fluw asizea (EIFSs) are determined
by back~extrapolating fractographic results. Since the frac-
tographic dats depends on the teating conditions (e.q.,
stress levels, load spectrum, ¥ bolt 1load transfer, otc.),
EIFSs are not strictly "generic." However, EIFSD parameters
can be sstimated for dirferent fractographiuv data sets using
the data pooling and statistical scaling procedures. It has
been conclusively shown that the EIFSD based on given fracto-
graphic data mats can be usad to chtain vsry reascnable dur-
ability analysis predictions for the other data sete and
full-scale aircraft structure for clearancs-fit fastener
holes (both straight-bore and countersunk) in 7473%~T73%1 al-
upinua. Xt should be claar that an EIFSD deoes not nacsssar-
ily contain the "rogqus flaw.™

6. When an EIFSD is grown forward to a selaected service
time, the service crack growth shculd be consistant with the
"basis® for the EIFSs. Therefore, the analytical crack
growth program used [e.g., 16,17] should be "tuned" or "curve
fitted" to tha EIFS master curvoes raflected in the EIFSD.

7. Frobabilistic~based durability analysis methods [4,
5,18] are now sufficiently developed and demonatrated for im-
mediate applications to metallic airframes. An updated dur-
ability design handbook and software for an IBM or IBM-com~
patible PC are available for implementing the advenced dur-
ability analysies.

8. A "natural fatigue crack" data base for estimating
the initial fatigue quality of structurai details can be ac-
quired as a part of the Aircraft Scructural Integrity Program
(ASIP) teat plan. For example, by not preflawing structural
details in test apecimuns, "natural fatigue crack' data can
he obtained--thereby satisfying data reguirements for both
durability and demege tolerance. Additional testing and frac-
tograpbhic evaluations, beyond the normal ASIP effort, nmay be
needed to define IFQ, depending on the desired confidence
level and circumstances. IFQ data requirements can be read-
ily incorporated into the ASIP test plan to minimize the cost
and time for acquiring the requimite data base.

G. The atress level for @ach stress region ias important
for crack growth predictions. Therefore, the stregcs analysis
for durability-critical components should reflact appropriata
finite element grid sizes to obtain the desired stress analy-
sis accuracy for each stiress region.
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10. Probabilistic durability analysis methodolocies de-
veloped can be extended to establish the optimal inspection/
repair/replacement/proof test maintenance for life management
of metailic aircraft structure. The extenaion can be made
based on some fundamental research efforts appearing in the
literature {e.g., 31-42].

7.2 RECOMMENDATIONS

1. The advanced durability analysis method developed
under this program should be used for future durability an-
alyses for metallic airframes. Structural durability can now
be guantitatively accounved for in the durability design pro-
cess.

2. Recommendations fcr durability analysis are as fol-
lows: (1) define the equivalent initizl flaw size distribu-
tion (EIFSD) using fractographic data in the small crack size
region (e.g., C.01"-0.05%), (2) use fractographic data pool-
ing procedure and statistical scaling technique to escimate
the EIFSD parameters in a “"global sense" for a "singls hole
population” basis, and (3) use the two-segment deterministic-
stochastic crack growth approach (DCCA-SCGA) to predict the
extent of damage in the entire durability critical component;
the two-segment deterministic crack growth approach (DCGA-
DCGA) is also reasonable but it is slightly less conservative
than the DCGA-~SCGA.

3. The recommended chianges in Alr Force philowophy and
durability dezign requirements described in cecticn V of this
volume should ba adopted. This will allow the full potential
of the probabilistic durabilityv analysis apprcach to be util-
ized in the design and analysis of future matallic aircraft
structures.

4. The advanced durability analysis approach develcped
under this program should be investigated for cther strictur-
al details and ccnsiderations. ¥or example, the life en-
hancement effects of fastener hLole =old working, interference
tit fastenars, press fit bushings, etc., on initial Zfat: jue
quality should be investigatsd. Similarly, the initial fa-
tigue quality of structural details, such as cutouts, lugs,
fillets, etc., should be investigated. Su.table test speci-
mens should be develcped and standardized for acquiring init-
ial fatigue quality data for the key siructural details to ba
ircluded in the durabil ity analycls.
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5., Turure AB.IP test plaus shoula be desi¢gned te provide
data for initial fatigue gquallty, durability and danige tol-
erance. Sslected fatigus tests shovld be conducted using spec-
imens without intsntional preflaws sc that "natvrel fatigue
crack" deta can bs obtalined. This approacth should ba used tc
minimize cost and time for scyuiring the requisite IFQ data
baze.

6, The meaning and limitations cof BEIFSws snd an EIFSD
must be emphasired. In particular., all EIfSs shouvld be grown
forward conslstent with tho basis for the EIFSD. The EIFSD
should not ba grown forward using an zsnalytical crack growth
program without tuning anc considering the hLamsis for the EIVS.

7. All aerospace contractors should use the same mathod
to deline EIFSs foir different materials and structural details
g0 that compatible EIFG8 ~an be chbtained. The "Qa(t! model"
[4,5] ie reasonakbia for determining EIFSs. This model or some
otuner suliable modei should be used to standardize the way
EIFSas are determined. Then. for a given frazctographin data
set, fractogruphic crack size range (AL - AU) and the gzame an-
alysin procedure, all contractors wiil obtain the mame EIFSs.
By standardizing tha way EIFSs are Ceirymined, EIFSs from var-
ious scurces ca&n be dirvectiy compared--tihereby providing a
means for cataloging and utilizing existing data frum variocus
sonrces to sstimate the inliltial fatigue quality cf structural
detalls.

8. 1Initial fatigua quality should not be repressented ky
the identical initial flaw siza distribution irrespective of
raterial, type of fastener hole, structural details, manufact-
uring processez, etc. For example, the statistical dispersion
of EIFSD for countersurkk holes is significantly larger than
that &Y the EIFSD for straiyht-bore holes for clearance-fit
fasteirers in tlie same material in which the broles were drilied
using comparable wethods. Thus, if a single initial flaw size
is selected for a given probakility or percentile (e.q.,
1/1000), and the deterministic approach is used for durability
analysis, the initial flaw size for a countersunk fastener
hole should be larger than that for a straight-bore fastener
hole based on our investigation.

9. The probabilistic durability analysis approach should
be investigated for discriminating "quality" at threz levels:
(1) material, (2) manufactured detail, and (3) component. Of
particular interest is the following question: "How does
improvement in initial material quality translate into improve-
ment in life of actual aircraft coaponents?" Thic research
can be built on the advancements made under this program and
the work conducted by ALCOA [e.g., 27,28].
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Equivalent Initial }iaw Size Distribution
Fustener Hole Quality

Homogeneous EIFS

Initial Fatigue Quality

Linear Elastic Fracture Mechanics

Load Transfer Through the Fastenar

Mathod of Moments
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No Lead Transfer Through the Fastener

Stochastic Crack Growth Approach

Service crack growth master curve
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Total Standard Errox
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